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Rhodopsin kinase (RK) is a conserved component of the light adaptation and recovery pathways shared among rod and cone photoreceptors of
a variety of species. To gain insight into transcriptional mechanisms driving RK and potentially other genes of similar spatial profile, the
components and the interactions of the highly compact enhancer/promoter region (E/P) upstream of the human RK gene were examined. Cross-
species comparison outlined an active 49-bp widely shared E/P core as the major site of conservation in the entire 5′ flanking sequence. The area
consisted of a bicoid-type homeodomain recognition cassette and a unique T-rich module interacting with TATA-binding proteins. Homeodomain
interactions involved primarily Crx and secondarily Otx2. Both strongly stimulated the E/P. In the absence of Crx, persistent E/P activity shifted
from the outer retina to the inner to follow the Otx2 pattern. The spatial patterns were largely unaffected by the absence of rod transcription factors,
Nrl and Nr2e3, and the RK transcriptional activity preceded the surge in rod-specific transcription. Conserved bicoid homeodomain factors thus
appear to be the key factors governing localization of RK E/P activity in retina and photoreceptors.
© 2007 Elsevier Inc. All rights reserved.Keywords: Rhodopsin kinase; G-protein dependent receptor kinase; Crx; Otx2; Photoreceptor; Gene; Transcription; EnhancerRhodopsin kinase (RK1 or GRK1) is an abundant photo-
receptor-specific G-protein-dependent receptor kinase (GRK)
that catalyzes light-dependent opsin phosphorylation in rods
and cones, mediating the first key step in the recovery of light-
exposed photoreceptors [1–3]. Absence of human RK function
leads to recessively inherited Oguchi disease characterized by a
marked delay in dark adaptation, an unusual metallic reflex of
the light-adapted fundus termed the Mizuo phenomenon, and
diffuse pigmentary retinopathy in some cases [4–7]. Lack of
RK expression also causes a marked increase in photoreceptor
susceptibility to light-induced damage in a mouse model [8,9].Abbreviations: Rk and Rk, rhodopsin kinase; E/P, enhancer/promoter
segment; GRK, G-protein-dependent receptor kinase; GFP, green fluorescent
protein; Crx, cone–rod homeodomain transcription factor; Nrl, neural leucine
zipper protein; Nr2e3, photoreceptor nuclear orphan receptor; Rbp3, inter-
photoreceptor retinoid binding protein; EDTA, ethylene diamine tetraacetic
acid; DTT, dithiothreitol; PMSF, phenylmethylsulfonyl fluoride; 1× SSPE,
150 mM sodium chloride, 10 mM sodium phosphate, pH 7.4, 1 mM EDTA;
SDS, sodium dodecyl sulfate; RT, reverse transcription; TBP, TATA binding
protein; TF, transcription factor; WT, wild type; 3AT, 3-amino-1,2,4-triazole.
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doi:10.1016/j.ygeno.2007.03.004Recent studies on other GRK-dependent receptor systems under
stress conditions suggest that the overall sensitivity and
response of the receptor may be the function of not only the
GRK activity but also the expression levels controlled by
transcriptional and posttranscriptional mechanisms [10–13].
The recent physical and functional characterization of a highly
compact enhancer/promoter (E/P) upstream of the RK gene
[14,15] has provided a unique opportunity to investigate such
higher order mechanisms for GRK1 regulation and the general
transcriptional interface responsible for expression across rods
and cones. The mechanistic insight gained from studies on this
DNA platform, in addition to enabling dissection of the
superceding transcriptional signaling systems, will facilitate
the development of strategies for efficient targeting of
photoreceptors for therapeutic purposes.
Unlike most other genes with diffusely organized promoters,
RK expression patterns depend largely on its compact E/P
segment [14]. Robust and uniform rod-, cone-, and pinealocyte-
restricted GFP expression has been observed in RK-GFP
transgenic mice carrying an isolated 0.2-kb E/P DNA flanking
the human RK transcription start sites. GFP developmental
patterns also follow the endogenous mouse Rk, demonstrating
237J.E. Young et al. / Genomics 90 (2007) 236–248appropriate sensitivity to developmental cues [15]. The
unusually accurate reproduction of the physiologic pattern is
likely a reflection of the unique tight packing of physiologically
relevant elements in a compact E/P in contrast to the wider
scatter of these upstream elements in most other photoreceptor-
specific genes including opsins [16–18]. The potential for
previously unrecognized diffuse scatter for most photoreceptor-
specific gene elements has recently been highlighted with the
Multiz whole-genome alignments showing multiple PhastCons-
positive conserved elements [19] (http://genome.ucsc.edu/cgi-
bin/) in the far upstream regions of many traditionally studied
genes, including opsins, well beyond functionally studied
boundaries (data not shown).
Nevertheless, among genes studied in transcriptional
mechanistic detail to date, the interactions that control Rk
are likely to resemble most closely those of the Rbp3 locus, a
gene of comparable spatial and developmental profiles.
Earlier transcriptional activities [20,21] and generalized
distribution of both genes across photoreceptors [22] and
relatively compact self-sufficient E/Ps [23,24] distinguish
Rbp3 and Rk from other specialized genes, including opsins,
with expression confined to either rods or cones [25]. In
addition, Rk and Rbp3 retinal transcript levels are also not
negatively affected by the targeted disruption of Crx [26–28],
a key cone–rod homeodomain transcription factor mediating
profound upregulation of opsin-like photoreceptor-specific
genes. Despite the apparent Crx independence of transcript
levels, Rbp3 and Rk genes carry one or more near perfect
bicoid type K50 homeodomain recognition sequences [29]
near their transcription start sites, suggesting a role for an
alternative homeodomain factor. Otx2, a neuronal paired
homeodomain transcription factor [30] essential for photo-
receptor fate determination [31], could act as one such
alternative and has been retrieved as the sole cognate from a
human retinal cDNA library using Rbp3-based bait [32]. The
more recent chromatin immunoprecipitation of Rbp3 in mice
showing Crx interactions primarily in the wild type and Otx2
interaction in the Crx-null background [33], however, do not
fully corroborate the latter findings. Another caveat is that
while Otx2 could account for early sustained Rk transcription
in the Crx-null background, it cannot by itself direct Rbp3 or
Rk for expression in outer retina given the wider Otx2
distribution transiently peaking in the inner retina and retinal
pigment epithelium, coinciding with photoreceptor fate
determination, and later fading to very low levels even at
these sites [31,34]. Additional immunoblot studies by Mears
et al. [35] comparing Rk and Rpb3 contents in Nrl-null and
wild-type retinas suggested only a modest effect of the known
rod transcription factors on protein levels. Rk, like Rbp3, thus
appears to fall into a class of rod–cone photoreceptor genes
driven by transcriptional mechanisms distinct from those that
control specialized photoreceptor-specific genes bound to
narrower rod- or cone-confined domains.
To gain insight into the conserved core photoreceptor
transcriptional pathways responsible for robust expression
across rods and cones, we focused on the interactions of the
widely conserved elements upstream of the RK gene. Using anumber of bioinformatic tools, in vitro activity and binding
studies, and transgenic models bred into transcription factor-
null backgrounds we mapped the E/P DNA–protein interac-
tions to a core assembled around a paired K50 homeodomain
protein and TBP-dependent complex. We demonstrated that
Crx is the key transcription factor responsible for the outer
retinal localization of E/P activity in mature photoreceptors.
In the absence of Crx, continued E/P transcriptional activity
takes on a broader spatial pattern extending to the inner
retinal layer consistent with earlier and alternative control by
Otx2.
Results
The genomic region (−112 to +87) in the immediate vicinity
of the RK transcription start sites, including a homeodomain-
binding core, has previously been shown to contain key
elements capable of recapitulating the precise spatial–temporal
expression patterns seen for Rk [14,15]. To identify the crucial
elements and their cognate transcription factors responsible for
the photoreceptor cell-specific activity, we examined the
structure, transcriptional activities, and interaction of the E/P
region in detail.
A widely conserved segment upstream of the RK gene consists
of a homeodomain and T-rich module
Phylogenetic comparison was used as a starting point to
locate and rank conserved pockets of presumed evolutionary
and physiologic significance within the 5′ flanking region and
E/P sequence. Fig. 1A represents a summary diagram dividing
the human genomic sequence near the RK transcription start
sites into widely conserved (WC) moderately conserved (MC)
and narrowly conserved (NC) regions. A representative sample
of multiple species alignment (GCG) is shown in Fig. 1B. The
WC region from −29 to +20 shared 68% identity (Fig. 1B) and
was invariably recognized by pairwise BLAST. The segment
between +30 and +183, designated MC, showed moderate
conservation with blocks of up to 50% identity but was only
variably recognized by the interspecies BLAST. The remaining
region, −112 to −30, designated NC, was largely conserved
only among primates and not identified by pairwise BLAST
with rodents or dog. Examination of the alignment of the entire
5′ flanking region spanning the distance between RK and the
neighboring genes on the UCSC genome browser (http://
genome.ucsc.edu/cgi-bin/hggateway, Fig. 1C) confirmed the
WC sequence as the sole PhastCons-positive pocket of
conservation (LOD 38) [19]. Two sharp peaks were noted
near this region, a bicoid-type core homeodomain recognition
and GT/T-rich modules [24,29,51] (Figs. 1C and D). Significant
conservation in this block extended to other mammals,
including rabbit, armadillo, and opossum. Minor conservation
peaks included cryptic binding sites for Nrl or Nr2e3 in the MC
region identified by rVISTA (http://genome.lbl.gov/vista/rvista/
submit.shtml) and MatInspector (http://www.genomatix.de).
An additional incomplete homeodomain recognition site
(RHD) [52,53] (Fig. 1A) was present in reverse adjacent to
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rodents and primates. No other areas of statistically significant
conservation were present in the 8- to 9-kb genomic interval
between RK and the adjacent gene upstream except one closelyassociated with the neighboring gene (Fig. 1C). The above
analyses point to the WC as the major RK-related conservation
block across the noncoding region separating RK from its
upstream neighbor.
Fig. 2. Activities of the E/P–luciferase constructs in various cell lines determined by transient transfection assays. (A) PCR and synthetically generated E/P–luciferase
deletion series in pXP1 (2 μg/well) were lipofected into WERI cells together with 300 ng of pCMV-LacF and the activities were measured 48–72 h afterward in cell
lysates. Bar graph shows β-galactosidase-normalized luciferase activity for each construct relative to the parent plasmid (RLU). Average values were derived from a
total of at least six transfections in two separate experiments and shown together with SEM. (B) pT81Luc-derived plasmids carrying synthetic E/P fragments were
transfected into WERI or HEK-293 cells as described under Materials and methods and activities normalized relative to activities in WERI cells are represented in the
bar graph. The inset contains the ratio of the activities of the two WC fragments in p-32/2 and p-1/24Luc constructs in each cell type. An RK gene block diagram with
the flanking sequences is shown at the top with relative positions of H1 and T-rich (T) sites indicated. Open segments of the block represent WC regions, black boxes
depict the NC region, and the gray box represents the MC segment. Narrower black or black/white blocks depict the E/P fragments in pXP1 (E/P-pLuc or pn/mLuc) or
pT81 (E/P-pTLuc or pn/mTLuc) constructs. The numbers, n/m, designate the fragment 5′ (n) and 3′ (m) ends (Fig. 1A).
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conserved modules
To gain insight into the role of the phylogenetically
defined components including the two at the core, we
examined the activities of PCR or synthetic E/P fragments
incorporated into luciferase vectors in WERI transient
transfection assays (Fig. 2). WERI retinoblastoma cells
express abundant RK and their transient transfections have
been used reliably to define the boundaries of the highly
robust E/P required for in vivo activity [14]. As seen in Fig.
2A, the full E/P (p-112/87Luc) construct showed approxi-
mately 400-fold more luciferase activity than the promoterlessFig. 1. Variable conservation of genomic regions upstream of the RK gene. Genomic
algorithms. (A) Summary block diagram dividing the human RK E/P into segments
pairwise (BLAST), and Multiz algorithms (http://genome.ucsc.edu). Narrowly conse
positive segments are shared across mammals. Moderately conserved regions are i
transcription start site position (+1, black arrowhead). White arrowheads point to rep
constructs for transient transfections. Overlying horizontal arrows and lines indicate
homeodomain element; RHD, cryptic reverse homeodomain site; GT, G/T-rich sequ
binding sequence. The sequence for NRE only vaguely resembles the consensus but
lines (solid, dashed, dotted) delineate the extent of the 5′ flanking, start site, and tr
underline. (B) Representative alignment based on the GCG PileUp algorithm. Varyin
Rk; cRK, chimp Rk; hRK, human Rk; rhRK, rhesus Rk; dRK, dog Rk gene prom
alignment as available on the UCSC genome Web site. Red arrows point to the single
of a GT/T-rich region. The overlapping core conserved segment (−29 to +20) as defin
designations of the symbols and terms used in (C) and (D) are detailed on the UCSparent plasmid in transiently transfected WERI cell extracts.
The deleted construct p-35/87Luc lacking much of the NC
sequence was equally active as the full E/P construct.
However, absence of additional sequences from −35 to −22,
including the widely conserved homeodomain recognition
sequence in p-21/87, resulted in a 90% decline in activity.
Significant further reduction in activity was not evident with
the loss of positions −21 through −14 in the p-13/87
construct, although further removal of the positions −13 to
24 including the T-rich stretch extending into the conserved
zone abolished the activity. At least 70% of the full E/P was
retained in construct p-32/24Luc containing only the home-
odomain and GT/T-rich sequences upstream of luciferase5′ flanking sequences were compared among mammalian RK loci using multiple
of varying conservation was based on a combination of cross-species (PileUp),
rved segments are primate specific. Widely conserved BLAST and PhastCons-
ntermediate in conservation extent. Numbering was relative to the most distal
resentative positions within the sequence used for generation of various reporter
the directions and positions of putative transcription factor binding sites: H1,
ence; Nr2e3, photoreceptor orphan nuclear receptor binding site; Ap/NRE, Nrl
was nevertheless recognized by rVISTA and MatInspector. Vertical arrows and
anscribed sequences as indicated. Initiation codon is indicated by double bold
g colors represent the extent of identity as indicated. mRK, mouse Rk; raRK, rat
oters (C and D) Low- and high-magnification views of the vertebrate Multiz
highly conserved PhastCons-positive region in the 5′ flanking region consisting
ed by pairwise BLAST and PileUp GCG algorithm is also indicated. The precise
C Web site (http://genome.ucsc.edu/cgi-bin).
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sequences for robust transcriptional activity between positions
− 35 and 22 overlap with the phylogenetically footprinted WC
area.
Shorter E/P segments, alone or together with an enhancerless
heterologous thymidine kinase promoter, were tested for
enhancer activity (Fig. 2B). Most short oligomers did not
function when alone (data not shown), but when coupled to the
thymidine kinase enhancerless promoter, the T-rich (−1/24) and
the homeodomain (−32/−2) segments selectively showed a
four- to five-fold enhancement of heterologous promoter
activity compared to other segments. In addition the p-1/
24TLuc showed a relatively higher normalized relative activity
in WERI compared to HEK-293 cells, suggesting that a
photoreceptor activity bias may be selectively a function of
the H1 or nearby sequences (Fig. 2B, inset).Fig. 3. Gel retardation assays demonstrating interactions of homeodomain and T-ric
probe H (40,000 cpm) was incubated with 10 μg of WERI-RB (WERI), HEK-293 (H
of any nuclear extract (−Extract) (gels a, b, and c). Mutant oligomer Hm carries subst
(Crx or Otx2) antibodies were added in some of the reactions (gels d and e). The rea
followed by autoradiography. (B) 32P-labeled probe T was incubated with WERI or
excess of unlabeled T, TA, and Tm oligonucleotides. TA oligonucleotide contains the
variant of TA substituted at the TATA sequence. (C) gel a: Labeled probe T incuba
competitor as in (B). In gel b, the nuclear extract was replaced by purified His-tagged
extract and oligonucleotide preparation are described under Materials and metho
arrowheads the generalized complex shared in other nuclear extracts, and gray arrowWidely conserved RK enhancer/promoter modules interact with
Crx, Otx2, and TBP
Gel retardation assays were used to probe the interactions at
the widely conserved modules including the homeodomain
region. We used three different probes from the widely
conserved region, probe H containing the homeodomain site
H1 and the surrounding sequences, probe T containing the T-
rich segment, and probe GT spanning the entire PhastCons-
positive sequence (Fig. 1D, bold underlined segment).
As seen from Fig. 3A, gel a, three distinct DNA–protein
complexes formed with probe H in the control reaction in the
presence of WERI nuclear extracts (see arrowheads), an upper
band seen only with WERI and a lower doublet seen with HEK-
293 nuclear extracts as well. Mouse retinal nuclear extracts also
formed roughly similar band patterns although there appeared toh regions with nuclear proteins. (A) 32P-labeled double-stranded homeodomain
EK), WT mouse retina (Retina), or brain (Brain) nuclear extract or in the absence
itutions replacing the CTAATC site in probe H. Control (Con.) or homeodomain
ctions were then subjected to electrophoresis on nondenaturing polyacrylamide
HEK-293 nuclear extracts in the absence (0) or presence of (25×, 250×) molar
TATAA and surrounding sequence from the mouse β-globin promoter. Tm was a
ted with mouse retinal nuclear extracts in the presence or absence of unlabeled
TBP (100 ng/μl). (D) Labeled probe GT incubated as in (B). Details of nuclear
ds. Filled arrowheads indicate the photoreceptor/retina-specific band, empty
heads the supershifted bands.
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upper (Fig. 3A, gel b). Only the lower bands were visible in
brain or eyecups devoid of retina (Fig. 3A, gel c). The bands
remained undisturbed after addition of unlabeled mutant Hm
(Fig. 3A, gels a and c), whereas the unlabeled H led to highly
efficient competition of the upper band (data not shown).
To determine any contribution of known homeodomain
proteins to the H1-related complexes, antibody-induced deple-
tion/supershift experiments were performed (Fig. 3A, gels d and
e). Candidate homeodomain cognates in retina include Crx and
Otx2, both with a lysine at position 50 (K50) capable of
recognizing the CTAATC core [29,30]. Crx peptide-specific
antibody [44] led to depletion and supershift of the upper band,
whereas Otx2 polyclonal antibodies [34,45] showed no similar
effect when included in the H1 reactions with WERI nuclear
extract (Fig. 3A, gel d). With retinal nuclear extracts, a
supershift and corresponding depletion of the upper band
were evident in the presence of both Crx and Otx2 antibodies
(Fig. 3A, gel e) although the supershift was weaker with Otx2
antibody. Specific alterations in band patterns were absent with
control antibody. The above data suggest the interaction of Crx
with the homeodomain region with a weaker contribution from
Otx2. A supershift-grade antibody against a TAATT-specificFig. 4. Effects of retinal transcription factors on the activity of RK E/P. (A) Norma
constructs (2 μg) in HEK-293 cell lysates after calcium phosphate-mediated cotrans
200 ng; +++, 400 ng). The total plasmid load in each transfection was equalized by ad
included in each transfection to normalize for transfection efficiencies. At least six s
The raw luciferase numbers were closely comparable among triplicate samples in t
composite of multiple experiments with overlapping controls. (B) Percentage induced
constructs. pNOH1 and pNONRE lack a functional H1 or NRE site, respectively.Antennapedia-type homeodomain protein, Rx [54,55], did not
produce a band supershift or depletion with H1 probe (data not
shown).
Probe T or GT showed a more complex set of nuclear
interactions (Figs. 3B–3D). Oligomer T formed a higher WERI-
specific nuclear complex and a generalized lower band (Fig.
3B). Both bands were competed by addition of unlabeled
competitors although the lower appeared less sensitive to
competitor concentration, possibly related to the cognate excess
relative to the oligomers. A TATA-containing oligomer (TA)
from the β-globin gene, however, showed strong competition
for the lower band at only 25-fold excess. In contrast a TATA
mutant oligomer (Tm) competed only partially. Similar bands
and competition profiles were observed with retinal nuclear
extracts using overlapping T and GT oligomers with an upper
complex specific to retina (Figs. 3C and 3D) and a lower one
shared with brain. The T-rich sequence also formed a complex
with purified histidine-tagged TBP (Fig. 3C, gel b), albeit not of
the same electrophoretic mobility as the band competed by the
TATA oligomer (Fig. 3C, gel a), suggesting that additional
components of the nuclear extract participate in the formation of
the TATA-dependent complex, hence altering the mobility in
nondenaturing gel. The above findings show interactions of thelized relative luciferase activities were measured for wild-type E/P–luciferase
fection with transcription factor-encoding expression plasmids (+, 100 ng; ++,
dition of unrelated plasmid to the transfection mixtures. pCMV-LacF (30 ng) was
eparate transfections were performed for each luciferase construct/cognate pair.
he same experiment with or without normalization. The presented results are a
luciferase activity was based on stimulation of mutant relative to wild-type E/P
242 J.E. Young et al. / Genomics 90 (2007) 236–248GT/T-rich region with both generalized and, potentially, a
retina-specific transcription factor.
Yeast one-hybrid library screening was used to confirm
further and identify cognate transcription factors. T-rich multi-
mers stimulated leaky background expression from the down-
stream His gene even at 200 mM 3AT, presumably secondary to
interaction with TBP-like general transcription factors in yeast;
hence they could not be effectively used in retinal library
screenings. In contrast, H1 homeodomain bait plasmids yielded
low background and consistent specific positives from the
screening of 2×106 recombinants. Of the 54 positives retrievedFig. 5. Spatial effects of Crx and Nrl on Rk E/P activity. Fluorescence micrographs w
and Nrl-null (Nrl−/−) animals carrying the RK-GFP transgene incubated with an antib
of the fluorescence spectrum was intentional to avoid autofluorescence artifacts. Nrl
matched WT retinas (a and f). Crx-null retinas (d and i) were from 10-day-old anim
incubated in the secondary antibody without primary antibody (No Ab, e and j). T
independent of the primary antibody (see arrows). Vertical white bars indicate the ext
INL, inner nuclear layer; IPL, inner plexiform layer; GC, ganglion cell layer. Scale ba
(B) Relative Rk, GFP, and rhodopsin (Op) transcript contents in Nrl- or Crx-null RK-
levels using real-time RT-PCR. The amplification step was performed using cDNA te
globes were used in RNA preparation. Each reaction yielded a single product with a
indicated by Ct of RT-containing reactions exceeding RT-negative controls by at leaby the homeodomain bait from the adult bovine and rat cDNA
libraries, 18 encoded Crx and only 2 Otx2 DNA-binding
domains. Taken together the above results suggest that Crx is
likely the primary homeodomain cognate transcription factor
for the RK E/P in the fully developed retina.
Crx and Otx2 markedly upregulate RK E/P activity
Cotransfection experiments examined the effects of home-
odomain proteins and other transcription factors on E/P-driven
luciferase activity in HEK-293 cells (Fig. 4). Crx expressionere obtained from immunostained globes of wild-type (WT) or Crx-null (Crx−/−)
ody against GFP or Rk. Immunostaining and visualization of GFP at the red end
-null retinas (b and g) were from adults at 3 months and were compared to age-
als and were compared to age-matched control retinas (c and h). Controls were
he secondary antibody used for Rk staining cross-reacted with vascular walls
ent of Rk- or GFP-positive retina. OS, outer segment; ONL, outer nuclear layer;
r, 20 μm. Outer segments in Nrl-null animals are composed purely of cones [35].
GFP transgenic eyes were estimated as a percentage of the wild-type transgenic
mplates from 300 ng of RNA. At least three wild-type or null transgenic mouse
sharp melting curve. Absence of significant genomic DNA contamination was
st six cycles.
Fig. 6. Early transcription of bovine RK gene prior to surge in rod-specific
transcription. Membranes containing denatured bovine RK cDNA (RK),
bovine rhodopsin cDNA (Rho), 28S rRNA (rRNA), and control vector DNA
were prepared by spotting boiled plasmids in 0.4 M NaOH and 10 mM EDTA
onto nitrocellulose filter, followed by neutralization in 2× SSPE and then
drying in a vacuum oven at 80°C for 1 h. Nuclear run-on assays were
performed by hybridization of membranes with labeled RNA from nuclei of
lane a, 5-month-gestation (5 mo) retina; lane b, young postnatal calf (ca) retina;
or lane c, cerebral cortex.
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cotransfected with the WT E/P–luciferase constructs (Fig. 4A),
whereas Otx2, even at higher levels, had a less pronounced but
substantial positive effect. Cotransfection with both Otx2 and
Crx together did not further enhance the activity beyond that
seen for Otx2 alone. Upregulation by both transcription factors
depended on the CTAATC sequence and was blocked by H1
site substitution (Fig. 4B, construct NOH1-Luc).
Cotransfections with rod-specific transcription factor Nrl
stimulated the E/P activity by up to threefold in HEK-293 cells
(Fig. 4A). When combined with Crx, Nrl had only a modest
additive effect. Addition of another rod-specific transcription
factor Nr2e3 that generally acts cooperatively with Crx and Nrl
to drive rod-specific genes [33,56–58] did not further stimulate
RK E/P-driven luciferase activity. Nrl-induced activity appeared
to be reduced by substitutions of not only the cryptic NRE (Fig.
4B, NONRE-Luc) but also of the homeodomain binding site
(NOH1-Luc) on the RK E/P–luciferase plasmids, suggesting
indirect Nrl–Crx protein interaction. The above findings
demonstrate exquisite sensitivity of the transcriptional complex
to Crx and Otx2 with only secondary dependence on Nrl.
Localization of the RK E/P activity in outer retina depends on
Crx
Prior studies have suggested relative independence of Rk
gene transcription and expression levels from Crx, Nrl, and
Nr2e3. Crx-null animals at P10 have both cone and rods as
outer retinal cells but lack outer segments [59]. Nrl-null
animals have only cone photoreceptors but lack rods and
Nr2e3, hence providing a model that is deficient in both known
rod transcription factors [35]. To evaluate any spatial effect of
Crx, Nrl, and Nr2e3 on E/P activity distribution in retina, we
examined a transgenic line carrying the full Rk E/P upstream of
GFP in wild-type Nrl-null or Crx-null backgrounds. GFP as a
reporter in the null backgrounds served as a direct gauge of the
isolated E/P activity and minimized the potential interference
from Rk protein-specific posttranscriptional factors in non-
photoreceptor cells (data not shown). The free cytosolic
distribution of GFP also provided a theoretical advantage
outlining any ectopic spread of E/P activity into nonphotor-
eceptors with their distinct extensive inner retinal processes. As
seen from Fig. 5A (images a, c, f, and h), both Rk and GFP are
abundantly expressed in WT photoreceptors. Rk is localized in
the outer segments (Fig. 5A, a and c), whereas GFP is
distributed in the cytosol of the outer nuclear layer (Fig. 5A, f
and h). Rk and RK E/P-driven GFP immunoreactivity patterns
were essentially undisturbed in retinas of Nrl-null animals (Fig.
5A, b and g) compared to age-matched WT animals (Fig. 5A, a
and f), although the outer retinas appeared thinner in the null
animals. The slight irregularities in the outer pattern of Nrl-null
retinas reflect expression in photoreceptor rosettes in pure cone
outer retina typical of this null strain. In contrast, the GFP
immunoreactivity pattern was markedly shifted toward inner
retina in 10-day-old Crx-null mice (Fig. 5A, i) compared to the
age-matched WT transgenic control (Fig. 5A, h). This
immunoreactivity pattern closely mimicked the publishedpattern of Otx2 in retina with prominent distribution primarily
in the inner and secondarily in the outer nuclear layers [31,60].
Interestingly, Rk signal was not readily apparent in the Crx-null
background despite the presence of GFP immunoreactivity
(Fig. 5A, d). No specific immunoreactivity was evident in the
absence of primary antibody (Fig. 5A, e and j). These findings
strongly support the role of Crx in determining photoreceptor-
specific distribution.
Consistent with the published reports [35,59], quantitative
RT-PCR studies showed little alteration in transcript levels in
null backgrounds (Fig. 5B). No significant reduction of either
Rk or GFP transcript levels was detected in Nrl-null eyes
relative to WT levels. On average, a less than one-cycle
reduction in the Rk ΔCt was seen in 10-day-old Crx-null eyes
compared to age-matched controls. GFP transcript levels were
unchanged in Crx-null background. In contrast to Rk and GFP,
mouse opsin transcripts were markedly reduced to <10% of the
wild-type levels. The above data are consistent with a
substantial role for alternative transcription factors, including
Otx2, driving Rk in the absence of Crx, Nrl, or Nr2e3.
Rk transcription in retina precedes rod-specific transcriptional
surge
Given the basic makeup of the core transcriptional complex
with primary sensitivity to bicoid-type homeodomain factors
and only modest if any dependence on rod transcription factors
Nrl or Nr2e3, one might expect transcriptional activity of the
gene to occur earlier compared to highly specialized rod-
specific genes during development. To make a direct compar-
ison of the actual transcriptional activity early and late
photoreceptor development, we utilized an established nuclear
run-on approach using bovine retinas, which afford a higher
sensitivity with larger quantity of tissue and a wider spread of
244 J.E. Young et al. / Genomics 90 (2007) 236–248the photoreceptor development phases [49]. At 5 months
gestation (developmentally equivalent to mouse E17) we found
substantial differential hybridization to RK DNA spots,
indicating RK transcriptional activity in bovine retinas in the
absence of any detectable transcription of rhodopsin (Fig. 6).
This developmental pattern essentially mimics the previously
described Rbp3 transcription profile [49].
Discussion
Previous studies comparing photoreceptor-specific gene
transcript and expression levels in wild-type and Crx- and
Nrl-transcription factor-null mice [26,35] have defined two
broad categories of photoreceptor-specific genes, a highly
specialized group of genes, including opsins, restricted to either
rods or cones, with strict dependence on one or more of the
transcription factors and a separate group, including Rk and
Rbp3, expressed in both rods and cones, displaying quantitative
insensitivity to the absence of the above transcription factors.
We took advantage of an unusually compact and accurate
photoreceptor-specific E/P upstream of the RK gene to gain
insight into the distinct core transcriptional interactions and
mechanisms responsible for the general expression patterns of
RK and RK-like genes. Our findings place the major
transcriptional interface near the start sites around a bicoid-
type homeodomain protein and TBP-based complex. However,
additional input from other sequences upstream could con-
tribute to species-specific variations in relative RK levels and
developmental patterns.
We found Crx interactions to be key to maintaining
photoreceptor-restricted expression in retina, although the
alternative bicoid-type Otx2 may serve early in development
or in the absence of Crx. While retrieval of OTX2 from a human
retinal library using an RBP3 bait have suggested the possibility
that Otx2 may be the major cognate transcription factor for
general photoreceptor-specific genes [32], we believe, based on
our supershift and yeast one-hybrid assays, that Crx is the likely
primary cognate for the RK E/P in multiple species, including
humans, conforming with the recent chromatin immunopreci-
pitation results on Rbp3 in mouse [33]. According to our
findings, in the absence of Crx, Rk transcription assumes a
pattern that follows Otx2 distribution predominantly in the inner
retina [31,60]. Although Otx2 is crucial for determination of
photoreceptor cell fate in very early retinal development prior to
E12 [31], its contribution is largely transient in these cells as it
becomes predominantly localized in the inner nuclei with a later
decline as Crx takes full control of photoreceptor-specific
transcription. Cytosolic remnants of Otx2 have been reported to
persist in various cell types, including photoreceptors; however,
recent evidence suggests that transcriptional activity of Otx2 is
nearly undetectable in retina or retinal pigment epithelium in
adult mouse retina [31,34]. In addition to explaining photo-
receptor localization and disappearance of Rk transcription
elsewhere, Otx2 decline after P10 in Crx-deficient and wild-
type retinas may provide an additional explanation for the
observed diminution of photoreceptor-specific gene transcript
levels [26]. Suppressor interaction might further set spatial anddevelopmental constraints on the E/P activity especially prior to
decline in Otx2.
Rod transcription factors, Nrl and the downstream nuclear
orphan receptor, Nr2e3, had little effect on the transcriptional
activity of RK E/P by comparison to the homeodomain factors.
Nrl and Nr2e3 are typically synergistic, with Crx enhancing the
activity of rod-specific genes, and their absence leads to
depletion of rod population and replacement with S-cone-like or
“hybrid” photoreceptor cells in retina [35,61]. It is noteworthy
that the Nrl effect was not sufficient to maintain the differential
activity of the RK E/P in the outer retina in the absence of Crx
according to our studies in Crx-null mice.
Multimeric interactions of the T-rich module are also likely
to contribute to a photoreceptor-specific transcriptional com-
plex. TBP affinity of T-rich segments has been noted upstream
of other photoreceptor genes with weak or no TATA boxes
including β- and α-phosphodiesterase genes [51,58]. Given
the lack of precise initiation of Rk and diffuse heterogeneity of
the transcription start sites, it may not be surprising that the
TATA-binding site overlaps with some of the distal transcrip-
tion start sites. We did not find any other likely candidate
cognates from our bioinformatic transcription factor search in
the region. In addition to serving as a transcription factor-
binding site, the T-rich region may facilitate the separation and
melting of the strands required for RNA polymerase II
activity. The GT/T-rich sequence also appeared to interact with
photoreceptor/retina-specific nuclear proteins whose identity
remains unknown.
While transcriptional control plays a key essential role in
determining the site and stage of expression, additional
secondary posttranscriptional effects might play a role in the
expression levels in transcription factor-null retinas and during
development. Despite transcripts at near wild-type levels, Rk
protein was nearly undetectable in Crx-deficient retinas and was
reduced in Nrl-null immunostained globes. Additionally, we
found an apparent reduction in both GFP and Rk proteins in
retinas of Nrl-null mice compared to wild-type transgenic
littermates despite similar levels of transcripts, suggesting a
global posttranscriptional effect on translation, processing, or
stability of photoreceptor proteins in the null mice. Despite
posttranscriptional contributions to the protein levels, the major
spatial and developmental patterns appear to be a function of
transcriptional control.
The above studies identify an Otx2–Crx at the core of the
conserved transcriptional complex responsible for initiating and
later directing Rk expression to the photoreceptors. Recent
evidence suggests that regulation of GRK expression in other
receptor types may be a crucial factor in controlling the
sensitivity under longer durations of physiologic or pathologic
stimulus loads [10–13]. With increasing evidence that light
might be a partner in the pathogenesis of a variety of retinal
degenerative disorders in human and model animals [62], it
would not be surprising if similar changes in RK levels
mediated through the above networks were to be involved in
accelerating or decelerating the retinal degenerative process.
These stimulus-dependent gene control mechanisms remain the
subject of future study.
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Materials
WERI-RB1 and HEK-293 cells were obtained from American Tissue
Culture Collection, as were pXP1 and pT81Luc plasmids. Cell and yeast culture
media, deoxynucleotide triphosphate stocks, and Taq polymerase were
purchased from Invitrogen. pGEM-T PCR cloning vector, Moloney murine
leukemia virus reverse transcriptase, and random hexamers were from Promega.
Several expression plasmids were kind gifts from other investigators: pCMV-
LacF (β-galactosidase) from Dr. R. Palmiter, pCMV5-BRK (rhodopsin kinase)
from Dr. R. Lefkowitz [36], pCDNA3.1HBC (Crx) from Dr. S. Chen [28],
pVNC3-mOtx2 (Otx2) from Dr. P. Bovolenta [37], pCDNACCC-Nrl (Nrl) from
Dr. A. Swaroop [38], and hNR2E3-pCDNA3.1 (Nr2e3) from Dr. S. Chen [33].
Plasmids carrying a fragment of bovine rhodopsin cDNA (pcRho) and the 28S
rRNA gene (pLS6) were kindly provided by Dr. J. Nathans and Dr. J. Stein,
respectively. pRSV-Luc and purified rat retinal poly(A) RNAwere supplied by
Clontech. General chemicals including 3-amino-1,2,4-triazole were from
Sigma–Aldrich.
Bioinformatics and sequence alignments
RK 5′ flanking genomic DNA sequence and the homologues from multiple
species were viewed as a Blastz/Multiz alignment on the University of
California at Santa Cruz genome browser (http://genome.ucsc.edu/cgi-bin/
hgGateway) or alternatively retrieved individually using a BLAT (http://
genome.ucsc.edu/cgi-bin/hgBlat) search and aligned either with PileUp (GCG)
or with sequential pairwise BLAST (http://www.ncbi.nlm.nih.gov/BLAST/)
algorithms on default settings. The alignment to the dog sequence required
introduction of a significant number of gaps (GCG) prior to comparison to the
rest of the pile. Putative transcription factor binding sites were identified using
the MatInspector (http://www.genomatix.de), TRANSFAC (http://www.gene-
regulation.com/pub/databases.html), and rVISTA (http://genome.lbl.gov/vista/
servers.shtml) search engines.
RK E/P–luciferase plasmids
pXP1 and pT81Luc were parental vectors to the constructs described below.
pXP1 is promoterless and pT81Luc has an 81-bp thymidine kinase promoter
upstream of luciferase [39]. The construction of p-0.11Luc (or p-112/87Luc) and
p-0.11h1Luc (or pNOH1Luc) containing human Rk E/P with a wild-type or
substituted inactivated homeodomain site (H1) were previously described [14].
Additional luciferase constructs incorporated PCR-amplified or synthetic E/P
fragments into the polylinker sites of pXP1, pT81Luc, or p-0.11Luc and were
designated p(n/m)Luc or p(n/m)Tluc. The “n/m” label refers to the 5′ (n) and 3′
(m) fragment end positions relative to the most distal human Rk transcription
start site (Fig. 1A). Standard molecular cloning protocols were used to generate
the plasmids [40].
AnE/P-deletion serieswith varying5′ ends,−35/87,−21/87, and−13/87,was
PCRgenerated, cloned into pGEM-T, and shuttled asBglII–SalI cassettes into the
pXP1 polylinker region to generate the corresponding plasmids, p-52/87Luc, p-
35/87Luc, p-21/87Luc, and p-13/87Luc.Conventional PCR to generate the above
fragments required one of the forward primers 5′-GGGATCCGAATGATC-
TAATCGGATTCC-3′ (−35/87), 5′-GGGATCCGATTCCAAGCAGCT-
CAGGGG-3′ (−21/87), or 5′-GGGATCCAGCAGCTCAGGGGATTGTCT-3′
(−13/87) together with a common reverse primer, 5′-CCCGGGGCTGACA-
CAGCACC-3′, as described below. The deletion construct pNONRE or p-112/
71Luc, lacking the putative Nrl response element, NRE, was generated with the
following primer pair: 5′-GGGATCCGAAGCCTGGTGGTTGTTTGT-3′ (for-
ward) and 5′-CCAGGCTAAATCCCAGCCGG-3′ (reverse).
Other constructs incorporated synthetic 25/87, −32/−2, −1/24, or −53/−33
double-stranded E/P oligonucleotides upstream of luciferase into BglII–XmaI-
digested pXP1 or BamHI–XmaI-digested pT81Luc. The following sense (S) and
antisense (AS) strands were annealed to generate the above inserts: 25/87, S, 5′-
GATCTCCACTCCTAAGCGTCCTCCGTGACCCCGGCTGGGATT-
TAGCCTGGTGCTGTGTCAGC-3′, AS, 5′-CCGGGCTGACACAGCAC-
CAGGCTAAATCCCAGCCGGGGTCACGGAGGACGCTTAGGAGTGGA-3′; −53/−33, S, 5′-GATCTGGAGGAAGGGGCCGGGCAGAAGC-3′, AS,
5′-CCGGGCTTCTGCCCGGCCCCTTCCTCCA-3′; −32/−2, S, 5′-GATCTA-
ATCGGATTCCAAGCAGCTCAGGGGC-3′, AS, 5′-CCGGGCCCCTGAGC-
TGCTTGGAATCCGATTA-3′; −1/24, S, 5′-GATCTTGTCTTTTTCTAGCA-
CCTTCTTC-3′, AS, 5′-CCGGGAAGAAGGTGCTAGAAAAAGACAA-3′.
p-32/24Luc was generated by inserting a synthetic fragment (S, 5′-TCGA-
GAATGATCTAATCGGATTCCAAGCAGCTCAGGGGATTGT-
CTTTTTCTAGCACCTTCTC-3′; AS, 5′-CCGGGAGAAGGTGCTA-
GAAAAAGACAATCCCCTGAGCTGCTTGGAATCCGATTAGATCATTC-
3′) into XhoI–XmaI-digested pXP1. Plasmids p88/133TLuc and p134/
183TLuc were products of AegI–XmaI oligomer 88/133 (S, 5′-CCGGT-
CTCCCAGGGGCTTCCCAGTGGTCCCCAGGAACCCTCGACAGGGC-3′,
AS, 5′-CCGGGCCCTGTCGAGGGTTCCTGGGGACCACTGGGAAGCC-
CCTGGGAGA-3′) or 134/183 (S, 5′-CCGGTCTCTCTCGTCCAGCA-
AGGGCAGGGACGGGCCACAGGCCAAGGGC-3′, AS, 5′-CCGG-
GCCCTTGGCCTGTGGCCCGTCCCTGCCCTTGCTGGACGAGAGAGA-
3′) inserted into XmaI-digested pT81Luc followed by selection for correct
orientation. All constructs were sequenced to ensure absence of unintended
nucleotide substitutions.
Cell culture and transient transfections assays
Low-passage WERI-RB1 retinoblastoma cells were grown in suspension
and propagated at midsaturation in RPMI 1640 medium containing 10% fetal
calf serum. HEK-293 human embryonic kidney cell lines were grown as
monolayers in 10% serum-supplemented DMEM. Transfections were carried
out with cell suspensions at 2–5×106 cells/ml and monolayers at 70%
confluence in six-well plates. WERI cells were transfected in serum- and
antibiotic-free medium with 2 μg of E/P–luciferase constructs or controls in the
presence of GenePorter (Genlantis) or Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instructions. Calcium phosphate-mediated
HEK-293 transfections were with luciferase constructs at 2 μg/well alone or
together with transcription factor-encoding plasmids at 100, 200, or 400 ng.
Total plasmid input levels were kept constant among all wells by the addition of
parent blank plasmids in cotransfection experiments. pCMV-LacF was added to
all wells (300 ng/transfection and 30 ng/cotransfection) to control for relative
transfection efficiencies. Cells were disrupted in the Tropix-supplied lysis buffer
48–72 h after transfection followed by measurements of luciferase and β-
galactosidase activities in a Berthold Lumat LB 9507 luminometer using the
substrates and instructions provided in the kit (Tropix). Transfections were
performed in triplicate and each experiment was repeated at least twice. RLU
represents β-galactosidase-normalized relative luciferase activity for each
construct compared to the parent plasmid. In cotransfection experiments,
cognate plasmid-mediated induction or repression of E/P activity was concluded
only when both raw and normalized luciferase values moved in the same
direction relative to the cognate-free controls. “Percentage pRSV-Luc” values
were used for comparison of construct activities among various cells and were
based on the normalized E/P activities as a proportion of pRSV-Luc activity in
each cell type.
Gel retardation assays
Nuclear extract preparation and gel retardation assays were performed at 4°C
as previously described [41–43]. Nuclear pellets were recovered from Dounce
homogenates of mouse tissue or cultured human cells (∼1 mg of tissue/μl or
107 cells/ml) in 50 mM Tris–Cl, pH 7.5, containing 25 mM KCl, 5 mMMgCl2,
200 mM sucrose, 0.5 mM DTT, 0.2 mM benzamidine, and 0.2 mM PMSF after
centrifugation at 14,000g for 30 s. Following a wash with 10 mMHepes, pH 7.9,
10 mM KCl, 1.5 mM MgCl2, 0.5 mM DTT, 0.25 mM benzamidine, and
0.25 mM PMSF, the pellets were extracted with 20 mM Hepes, pH 7.9, 420 mM
NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM DTT, 0.25 mM benzamidine,
and 0.25 mM PMSF. The protein concentration of the supernatant nuclear
extract was determined using the Bradford method (Bio-Rad).
Double-stranded oligonucleotide probes and competitors contained the
widely conserved sequences in mouse or human RK E/P (Fig. 1), from −31 to
−2 (H), −1 to +29 (T), or −14 to +17 (GT). Probe H (5′-ACTCTAATCC-
GATTTGGAGCAGCTTAGGGG-3′) contained the homeodomain recognition
sequence, probe T (5′-ATTGTCTTTTTCTGGCACCTTCTGGTCACC-3′) the
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CAC-3′) the PhastCons-positive region (Fig. 1). A wild-type mouse globin
TATAA containing oligomer TA (Promega) and a GTGCT-substituted mutant
version (Tm) were also used as competitors. Mutant oligomer Hm had the
substitution AGATCCT in place of the homeodomain TCTAAT sequence and
was used as an unlabeled competitor to probe H. Probes were labeled with
[γ-32P]ATP (6000 Ci/mmol) and purified on a polyacrylamide gel or G-50
Sepharose (Roche) prior to use in gel retardation experiments.
Binding reactions at 4°C contained approximately 0.01–0.1 pmol of
oligonucleotide probe incubated with 5–12 μg of nuclear extract in the presence
of 10 mM Hepes, pH 7.9, 10 mM KCl, 2 mMMgCl2, 1 mM EDTA, 1 mMDTT,
1 mM PMSF, 10% glycerol, and 0.2 μg/μl poly(dI–dC) in a final volume of
10 μl for 15–40 min. After addition of dye, the reactions were loaded and run on
a 6% polyacrylamide gel at 100 V prior to phosphorescence imaging or
autoradiography. Competition reactions included 5- to 250-fold molar excess of
unlabeled double-stranded oligonucleotides preincubated with nuclear extract at
4°C for 30 min prior to the addition of labeled probe. Incubation with 0.5–1 μg
Crx [44] or Otx2 [34,45] antibody (kindly provided by Drs. C. Craft and F.
Vaccarino, respectively) or a control antibody preceded probe addition in
antibody supershift or depletion assays. Recombinant histidine-tagged human
TBP [46] (provided by Dr. B. Pugh) replaced nuclear extracts in some
experiments.
Yeast one-hybrid cloning of the cognate transcription factors
Published [28] and commercially available yeast one-hybrid systems and
protocols (Clontech) were used to identify retinal cognate cDNAs. The H1
(CTAATCCGATTC) or Tr (GTCTTTTTCT) bait sequence in tandem triplicate
was inserted upstream of the His gene in the pHis-i plasmid and the XhoI-
linearized product was polyethylene glycol/LioAc transformed into His-
negative yeast (YM4271) to generate the host strain used to screen two
alternative Gal-activation domain retinal libraries. Positives were selected
among 2×106 yeast clones grown on SD/-His-Leu plates containing 60 or
100 mM 3AT after transfection of the host either with a bovine oligo(dT)
primed cDNA library in pACTII (provided by Dr. C.-H. Sung) or with a rat
oligo(dT) and random primer-generated library from poly(A) RNA (1 μg)
together with SmaI-linearized pGADT7-Rec2. The positive cDNA plasmids
were rescued by electroporation into DH5-α cells followed by sequence
analysis of the insert using flanking primers. The sequences were compared
against the genomic, cDNA, and EST databases available using BLASTn
(http://www.ncbi.nlm.gov).
Generation of Crx- or Nrl-null mice carrying RK E/P-GFP transgene
Institutionally approved protocols for animal experimentation and breeding
were in close accordance with the standards set by the Association for Research
in Vision and Ophthalmology guidelines. Crx- [26] and Nrl-null [35] parental
strains were provided by Dr. C. Cepko and A. Swaroop, respectively. The
previously described RK-GFP line [14] was bred into the Crx- or Nrl-null
background and the transgenic heterozygotes for RK-GFP lacking functional
Crx or Nrl loci were identified among the F2 progeny based on PCR of tail
genomic DNA using previously determined conditions and primers [14,26,35].
Eyes harvested after euthanization were either immediately fixed for
immunostaining or frozen at −70°C for RNA preparation.
Microscopy and immunofluorescent staining
Tissue processing and staining techniques have been detailed elsewhere
[14,15]. Sections (10 μm) were taken from whole frozen globes fixed in 4%
paraformaldehyde in 0.1 M sodium phosphate, pH 7.4, treated with 30% sucrose
in phosphate-buffered saline at 4°C overnight and embedded in OCTcompound.
Immunostaining of the sections was carried out with rabbit anti-GFP polyclonal
antibody [47] (kindly supplied by Dr. W.-C. Smith) or anti-RK D11 antibody
[48] (kindly supplied by Dr. Palczewski). After repeat blocking and incubation
with Alexa red- (568) or green- (488) tagged secondary antibody, the slides were
mounted and images were recorded using conventional fluorescence or confocal
microscopes (Bio-Rad 1024 or Zeiss LSM510 Meta). Image analysis was
performed with ImageJ or LSM software (Zeiss).Real-time RT-PCR
Total RNAwas prepared from mouse eyes according to the standard Trizol
method and treated with DNA-free resin (Ambion) if necessary. RT or control
reactions (25 μl) contained total RNA (5 μg) annealed to random hexamers
(100 ng) and incubated in 1× reverse transcriptase buffer in the presence of
10 μM dNTPs with or without 200 units of reverse transcriptase at 42°C for
1 h. Subsequent reaction conditions and PCR primers were as previously
described with minor modifications [15]. The forward and reverse primers
for mouse Rk, opsin, and GFP were as previously described [14].
Real-time PCR comparison of transcript contents among wild-type and
TF-null RNA samples was performed in a MyiQ thermocycler (Bio-Rad) on a
96-well platform in a final volume of 25 μl/well of 1× iQ SYBR Green
Supermix (Bio-Rad). Each reaction consisted of 1–2 μl of RT sample or RT-
minus control together with 0.25 μM forward and reverse primer each.
Amplification parameters included 30-s denaturation steps at 94°C alternating
with 30-s annealing/extension steps at 60°C over a 40-cycle range. Under
these conditions, comparable amplification efficiencies (near 0.8) were
achieved for primer sets with logarithmically linear response to the changes
in cDNA input levels. ΔCt was obtained by subtracting cycles-to-threshold
(Ct) for Rk, GFP, or opsin from actin or β2-microglobulin values. Differences
in ΔCt between samples and wild-type controls (ΔΔCt) were then used to
compare the relative transcript levels by substitution into the formula % wild
type=100(2)−ΔΔCt. At least three real-time amplifications from three separate
RT reactions for each genotype were performed to obtain an average value
and SEM.
Nuclear run-on reactions
Bovine brain and retinas were obtained from a local slaughterhouse and
stored frozen at −70°C in glycerol buffer [49] until use. Embryonic age
estimates, when applicable, were based on crown–rump measurement [50].
Intact nuclei were isolated from Dounce-homogenized bovine retinal or brain
tissue (∼5 g) in 4 ml of 10 mM Tris–Cl, pH 8, containing 5 mMMgCl2, 10 mM
NaCl, 60 mM KCl, 0.25 M sucrose, 0.5 mM PMSF, 10% glycerol, 1 mM DTT,
and 0.5% Nonidet P-40 after centrifugation at 3000g for 3 min and resuspended
in glycerol buffer (105/μl).
Nuclear run-on assays were performed as previously described [49]. Briefly,
reactions consisted of 100 μl of bovine nuclear suspensions incubated with an
equal volume of 10 mM Tris–Cl, pH 8, containing 300 mM KCl, 5 mMMgCl2,
1 mM GTP, 1 mM CTP, 1 mM ATP, and 7 units of RNasin in the presence of
500 μCi of [α-32P]UTP (3000 Ci/mmol) at 30°C for 30 min. After addition of
guanidinium solution, sonication, and extraction with acidic phenol/chloroform
(5/1) [49], recovered 32P-labeled nuclear RNA (1–2×107 cpm/ml) was then
added to membranes spotted with bovine Rk, rhodopsin, and 28S ribosomal
DNA that were prehybridized at 42°C for 16 h in 1× Denhardt’s [40], 6× SSPE,
200 μg/ml yeast tRNA, 0.5% SDS, 10% dextran sulfate, and 40% formamide.
After hybridization for 48 h, blots were washed several times in 0.1× SSPE,
0.5% SDS at 68°C and exposed to a phosphorimaging screen for 2–4 days.
Acknowledgments
We thank M.K. Ellsworth for her expert assistance with
animal care and C. Kane for her help in fluorescence
microscopy. Dr. K. Gross kindly provided helpful comments
on the manuscript. We are also indebted to Dr. C. Cepko
(Harvard University) for the Crx-null mice and Dr. A. Swaroop
(University of Michigan, Ann Arbor) for the Nrl-null line. Dr.
C.-H. Sung (Cornell University, NewYork) generously provided
the bovine retinal cDNA library in pACTII. Several antibodies
were kindly supplied by Drs. C. Craft (University of California,
Los Angeles), F. Vaccarino (Yale University), K. Palczewski
(Case Western Reserve University), and C.-W. Smith (Uni-
versity of Florida, Gainesville). Dr. B.F. Pugh (Pennsylvania
State University) kindly supplied purified His-tagged human
247J.E. Young et al. / Genomics 90 (2007) 236–248TBP. Drs. R. Palmiter (University of Washington), R. Lefkowitz
(Duke University), S. Chen (Washington University, St. Louis),
P. Bovolenta (Instituto Cajal, Madrid), A. Swaroop (University
of Michigan), and J. Nathans (Johns Hopkins, Baltimore)
generously provided several of the cDNA plasmids. The study
was supported by Grant EYR01-13600 (S.C.K.) and in part by a
challenge grant from Research to Prevent Blindness to the
Department of Ophthalmology.
References
[1] T. Maeda, Y. Imanishi, K. Palczewski, Rhodopsin phosphorylation:
30 years later, Prog. Retinal Eye Res. 22 (2003) 417–434.
[2] J.A. Pitcher, N.J. Freedman, R.J. Lefkowitz, G protein-coupled receptor
kinases, Annu. Rev. Biochem. 67 (1998) 653–692.
[3] R.T. Premont, Once and future signaling: G protein-coupled receptor
kinase control of neuronal sensitivity, Neuromol. Med. 7 (2005) 129–147.
[4] S. Yamamoto, K.C. Sippel, E.L. Berson, T.P. Dryja, Defects in the
rhodopsin kinase gene in the Oguchi form of stationary night blindness,
Nat. Genet. 15 (1997) 175–178.
[5] S.C. Khani, L. Nielsen, T.M. Vogt, Biochemical evidence for pathogenicity
of rhodopsin kinase mutations correlated with the Oguchi form of
stationary night blindness, Proc. Natl. Acad. Sci. USA 95 (1998)
2824–2827.
[6] A.V. Cideciyan, X. Zhao, L. Nielsen, S.C. Khani, S.G. Jacobson, K.
Palczewski, Null mutations in the rhodopsin kinase gene slow recovery
kinetics of rod and cone phototransduction in man, Proc. Natl. Acad. Sci.
USA 95 (1998) 328–333.
[7] Q. Zhang, F. Zulfiqar, S.A. Riazuddin, X. Xiao, A. Yasmeen, P.K. Rogan,
R. Caruso, P.A. Sieving, S. Riazuddin, J.F. Hejtmancik, A variant form of
Oguchi disease mapped to 13q34 associated with partial deletion of GRK1
gene, Mol. Vision 11 (2005) 977–985.
[8] C.K. Chen, M.E. Burns, M. Spencer, G.A. Niemi, J. Chen, J.B. Hurley, D.
A. Baylor, M.I. Simon, Abnormal photoresponses and light-induced
apoptosis in rods lacking rhodopsin kinase, Proc. Natl. Acad. Sci. USA 96
(1999) 3718–3722.
[9] W. Hao, A. Wenzel, M.S. Obin, C.K. Chen, E. Brill, N.V. Krasnoperova, P.
Eversole-Cire, Y. Kleyner, A. Taylor, M.I. Simon, C. Grimm, C.E. Reme,
J. Lem, Evidence for two apoptotic pathways in light-induced retinal
degeneration, Nat. Genet. 32 (2002) 254–260.
[10] R.B. Penn, A.N. Pronin, J.L. Benovic, Regulation of G protein-coupled
receptor kinases, Trends Cardiovasc. Med. 10 (2000) 81–89.
[11] J.A. Hata, M.L. Williams, W.J. Koch, Genetic manipulation of myocardial
beta-adrenergic receptor activation and desensitization, J. Mol. Cell
Cardiol. 37 (2004) 11–21.
[12] J.L. Hansen, J. Theilade, M. Aplin, S.P. Sheikh, Role of G-protein-
coupled receptor kinase 2 in the heart—do regulatory mechanisms open
novel therapeutic perspectives? Trends Cardiovasc. Med. 16 (2006)
169–177.
[13] P. Penela, C. Ribas, F. Mayor Jr., Mechanisms of regulation of the
expression and function of G protein-coupled receptor kinases, Cell
Signalling 15 (2003) 973–981.
[14] J.E. Young, T. Vogt, K.W. Gross, S.C. Khani, A short, highly active
photoreceptor-specific enhancer/promoter region upstream of the human
rhodopsin kinase gene, Invest. Ophthalmol. Visual Sci. 44 (2003)
4076–4085.
[15] J.E. Young, K.W. Gross, S.C. Khani, Conserved structure and spatiotem-
poral function of the compact rhodopsin kinase (GRK1) enhancer/
promoter, Mol. Vision 11 (2005) 1041–1051.
[16] J. Nathans, C.M. Davenport, I.H. Maumenee, R.A. Lewis, J.F. Hejtmancik,
M. Litt, E. Lovrien, R. Weleber, B. Bachynski, F. Zwas, Molecular genetics
of human blue cone monochromacy, Science 245 (1989) 831–838.
[17] D.J. Zack, Use of transgenic mice to study retinal gene expression,
Methods Neurosci. 15 (1993) 331–341.
[18] J. Chen, C.L. Tucker, B. Woodford, Á. Szél, J. Lem, A. Gianella-
Borradori, M.I. Simon, E. Bogenmann, The human blue opsin promoterdirects transgene expression in short-wave cones and bipolar cells in the
mouse retina, Proc. Natl. Acad. Sci. USA 91 (1994) 2611–2615.
[19] A. Siepel, G. Bejerano, J.S. Pedersen, A.S. Hinrichs, M. Hou, K.
Rosenbloom, H. Clawson, J. Spieth, L.W. Hillier, S. Richards, G.M.
Weinstock, R.K. Wilson, R.A. Gibbs, W.J. Kent, W. Miller, D. Haussler,
Evolutionarily conserved elements in vertebrate, insect, worm, and yeast
genomes, Genome Res. 15 (2005) 1034–1050.
[20] W.W. Hauswirth, A.V.D. Langerijt, A.M. Timmers, G. Adamus, R.J.
Ulshafer, Early expression and localization of rhodopsin and interphotor-
eceptor retinoid-binding protein (IRBP) in the developing fetal bovine
retina, Exp. Eye Res. 14 (1992) 661–670.
[21] G.I. Liou, M. Wang, S. Matragoon, Timing of interphotoreceptor retinoid-
binding protein (IRBP) gene expression and hypomethylation in develop-
ing mouse retina, Dev. Biol. 161 (1994) 345–356.
[22] A.H. Bunt-Milam, J.C. Saari, Immunocytochemical localization of two
retinoid-binding proteins in vertebrate retina, J. Cell Biol. 97 (1983)
703–712.
[23] N. Bobola, E. Hirsch, A. Albini, F. Altruda, D.M. Noonan, R.
Ravazzolo, A single cis-acting element in a short promoter segment of
the gene encoding the interphotoreceptor retinoid-binding protein
confers tissue-specific expression, J. Biol. Chem. 270 (1995)
1289–1294.
[24] D.E. Borst, J.H. Boatright, J.S. Si, E. Stodulkova, N. Remaley, L.A.
Pallansch, J.M. Nickerson, Structural characterization and comparison of
promoter activity of mouse and bovine interphotoreceptor retinoid-binding
protein (IRBP) gene 5( flanking regions in WERI, Y79, chick retina cells,
and transgenic mice, Curr. Eye Res. 23 (2001) 20–32.
[25] P.R. van Ginkel, W.W. Hauswirth, Parallel regulation of fetal gene
expression in different photoreceptor cell types, J. Biol. Chem. 269 (1994)
4986–4992.
[26] T. Furukawa, E.M. Morrow, T. Li, F.C. Davis, C.L. Cepko, Retinopathy
and attenuated circadian entrainment in Crx-deficient mice, Nat. Genet. 23
(1999) 466–470.
[27] T. Furukawa, E.M. Morrow, C.L. Cepko, Crx, a novel otx-like homeobox
gene, shows photoreceptor-specific expression and regulates photoreceptor
differentiation, Cell 91 (1997) 531–541.
[28] S. Chen, Q.-L. Wang, Z. Nie, H. Sun, G. Lennon, N.G. Copeland, D.J.
Gilbert, N.A. Jenkins, D.J. Zack, Crx, a novel Otx-like paired-home-
odomain protein binds to and transactivates photoreceptor cell-specific
genes, Neuron 19 (1997) 1017–1030.
[29] S.D. Hanes, R. Brent, A genetic model for interaction of the homeodomain
recognition helix with DNA, Science 251 (1991) 426–430.
[30] A. Simeone, D. Acampora, M. Gulisano, A. Stornaiuolo, E. Boncinelli,
Nested expression domains of four homeobox genes in developing rostral
brain, Nature 358 (1992) 687–690.
[31] A. Nishida, A. Furukawa, C. Koike, Y. Tano, S. Aizawa, I. Matsuo, T.
Furukawa, Otx2 homeobox gene controls retinal photoreceptor cell fate
and pineal gland development, Nat. Neurosci. 6 (2003) 1255–1263.
[32] S.-L. Fong, W.-B. Fong, Elements regulating the transcription of human
interstitial retinoid-binding protein (IRBP) gene in cultured retinoblastoma
cells, Curr. Eye Res. 18 (1999) 283–291.
[33] G.H. Peng, O. Ahmad, F. Ahmad, J. Liu, S. Chen, The photoreceptor-
specific nuclear receptor Nr2e3 interacts with Crx and exerts opposing
effects on the transcription of rod versus cone genes, Hum. Mol. Genet. 14
(2005) 747–764.
[34] D. Bass, K.M. Bumsted, J.A. Martinez, F.M. Vaccarino, K.C. Wilker, C.J.
Barnstable, The subcellular localization of Otx2 is cell-type specific and
developmentally regulated in the mouse retina, Brain Res. Mol. Brain Res.
31 (2000) 26–37.
[35] A.J. Mears, M. Kondo, P.K. Swain, Y. Takada, R.A. Bush, T.L. Saunders,
P.A. Sieving, A. Swaroop, Nrl is required for rod photoreceptor
development, Nat. Genet. 29 (2001) 447–452.
[36] W. Lorenz, J. Inglese, K. Palczewski, J.J. Onorato, M.G. Caron, R.J.
Lefkowitz, The receptor kinase family: primary structure of rhodopsin
kinase reveals similarities to the beta-adrenergic receptor kinase, Proc.
Natl. Acad. Sci. USA 88 (1991) 8715–8719.
[37] J.R. Martinez-Morales, V. Dolez, I. Rodrigo, R. Zaccarini, L. Leconte, P.
Bovolenta, S. Saule, OTX2 activates the molecular network underlying
248 J.E. Young et al. / Genomics 90 (2007) 236–248retina pigment epithelium differentiation, J. Biol. Chem. 278 (2003)
21721–21731.
[38] A. Rehemtulla, R. Warwar, R. Kumar, X. Ji, D.J. Zack, A. Swaroop, The
basic motif-leucine zipper transcription factor Nrl can positively regulate
rhodopsin gene expression, Proc. Natl. Acad. Sci. USA 93 (1996)
191–195.
[39] S.K. Nordeen, Luciferase reporter gene vectors for analysis of promoters
and enhancers, Biotechniques 6 (1988) 454–457.
[40] J. Sambrook, E.F. Fritsch, T. Maniatis, Molecular Cloning: a Laboratory
Manual, Cold Spring Harbor Laboratory Press, NY, 1989, pp. 7.58–7.70.
[41] K. Gorski, M. Carneiro, U. Schibler, Tissue-specific in vitro transcription
from the mouse albumin promoter, Cell 47 (1986) 767–776.
[42] N. Petrovic, T.A. Black, J.R. Fabian, C. Kane, C.A. Jones, J.A. Loudon,
J.P. Abonia, C.D. Sigmund, K.W. Gross, Role of proximal promoter
elements in regulation of renin gene transcription, J. Biol. Chem. 271
(1996) 22499–22505.
[43] N. Bobola, P. Briata, C. Ilengo, N. Rosatto, C.M. Craft, G. Corte, R.
Ravazzolo, OTX2 homeodomain protein binds a DNA element necessary
for interphotoreceptor retinoid binding protein gene expression, Mech.
Dev. 82 (1998) 165–169.
[44] X. Zhu, C.M. Craft, Modulation of CRX transactivation activity by
phosducin isoforms, Mol. Cell. Biol. 20 (2000) 5216–5226.
[45] G.H. Peng, S. Chen, Chromatin immunoprecipitation identifies photo-
receptor transcription factor targets in mouse models of retinal degenera-
tion: new findings and challenges, Visual Neurosci. 22 (2005) 575–586.
[46] B.F. Pugh, Purification of the human TATA-binding protein, TBP, Methods
Mol. Biol. 37 (1995) 359–367.
[47] J.J. Peterson, B.M. Tam, O.L. Moritz, C.L. Shelamer, D.R. Dugger, J.H.
McDowell, P.A. Hargrave, D.S. Papermaster, W.C. Smith, Arrestin
migrates in photoreceptors in response to light: a study of arrestin
localization using an arrestin–GFP fusion protein in transgenic frogs, Exp.
Eye Res. 76 (2003) 553–563.
[48] X. Zhao, J. Huang, S.C. Khani, K. Palczewski, Molecular forms of human
rhodopsin kinase (GRK1), J. Biol. Chem. 273 (1998) 5124–5131.
[49] L.E. DesJardin, A.M.M. Timmers, W.W. Hauswirth, Transcription of
photoreceptor genes during fetal retinal development, J. Biol. Chem. 268
(1993) 6953–6960.
[50] S.I. Bistner, L. Rubin, G. Aguirre, Development of the bovine eye, Am. J.
Vet. Res. 34 (1973) 7–12.
[51] L.E. Lerner, Y.E. Gribanova, L. Whitaker, B.E. Knox, D.B. Farber, The rodcGMP–phosphodiesterase beta-subunit promoter is a specific target for
Sp4 and is not activated by other Sp proteins or CRX, J. Biol. Chem. 277
(2002) 25877–25883.
[52] F.J. Livesey, T. Furukawa, M.A. Steffen, G.M. Church, C.L. Cepko,
Microarray analysis of the transcriptional network controlled by the
photoreceptor homeobox gene Crx, Curr. Biol. 10 (2000) 301–310.
[53] J. Qian, N. Esumi, Y. Chen, Q. Wang, I. Chowers, D.J. Zack, Identification
of regulatory targets of tissue-specific transcription factors: application to
retina-specific gene regulation, Nucleic Acids Res. 33 (2005) 3479–3491.
[54] A. Kimura, D. Singh, E.F. Wawrousek, M. Kikuchi, M. Nakamura, T.
Shinohara, Both PCE1/RX and OTX/CRX interactions are necessary for
photoreceptor-specific gene expression, J. Biol. Chem. 275 (2000)
1152–1160.
[55] T. Furukawa, C.A. Kozak, C.L. Cepko, rax, a novel paired-type homeobox
gene, shows expression in the anterior neural fold and developing retina,
Proc. Natl. Acad. Sci. USA 94 (1997) 3088–3093.
[56] R. Kumar, S. Chen, D. Scheurer, Q.-L. Wang, E. Duh, C.-H. Sung, A.
Rehemtulla, A. Swaroop, R. Adler, D.J. Zack, The bZIP transcription
factor Nrl stimulates rhodopsin promoter activity in primary retinal cell
cultures, J. Biol. Chem. 271 (1996) 29612–29618.
[57] L.E. Lerner, Y.E. Gribanova, M. Ji, B.E. Knox, D.B. Farber, Nrl and Sp
nuclear proteins mediate transcription of rod-specific cGMP-phosphodies-
terase β-subunit gene, J. Biol. Chem. 276 (2001) 34999–35007.
[58] S.J. Pittler, Y. Zhang, S. Chen, A.J. Mears, D.J. Zack, Z. Ren, P.K. Swain,
S. Yao, A. Swaroop, J.B. White, Functional analysis of the rod
photoreceptor cGMP phosphodiesterase alpha-subunit gene promoter:
Nrl and Crx are required for full transcriptional activity, J. Biol. Chem. 279
(2004) 19800–19807.
[59] T. Furukawa, E.M. Morrow, T. Li, F.C. Davis, C.L. Cepko, Retinopathy
and attenuated circadian entrainment in Crx-deficient mice, Nat. Genet. 23
(1999) 466–470.
[60] S. Blackshaw, S. Harpavat, J. Trimarchi, L. Cai, H. Huang, W.P. Kuo, G.
Weber, K. Lee, R.E. Fraioli, S.H. Cho, R. Yung, E. Asch, L. Ohno-
Machado, W.H. Wong, C.L. Cepko, Genomic analysis of mouse retinal
development, PLoS Biol. 2 (2004) E247.
[61] J.C. Corbo, C.L. Cepko, A hybrid photoreceptor expressing both rod and
cone genes in a mouse model of enhanced S-cone syndrome, PLoS Genet.
1 (2005) e11.
[62] D.M. Paskowitz, M.M. LaVail, J.L. Duncan, Light and inherited retinal
degeneration, Br. J. Ophthalmol. 90 (2006) 1060–1066.
